The finite difference and the density functional perturbation theory based piezoelectric property calculation methods are applied to the novel two dimensional hexagonal materials named as group II-VI monolayers and transition metal dichalcogenides for the purposes of comparison. The clamped-and relaxed-ion coefficients have been calculated separately to test the accuracy of both methods on electronic and ionic piezoelectric response contributions. While there is no significant difference between the clamped-ion piezoelectric coefficients calculated with these two methods, a notable difference between the values for relaxedion piezoelectric coefficients are determined. Considering the results of the density functional perturbation theory given in the previous applications, it has been determined that the consistency of the finite difference method in the ionic contribution calculation do not provide reliable results for some 2D materials. We have predicted that the atomic relaxation for different strain values is not adequate to achieve accurate results for ionic contribution of piezoelectric coefficient. However, on the contrary to the explicit difference in the coefficients calculated with two different approaches, our results clearly show that the piezoelectric potentials of the considered materials can be determined accurately and reliably by both methods.
INTRODUCTION
Piezoelectricity is the electric dipole moment that arise in non-centrosymmetric dielectric crystals in response to applied stress [1] . This response, called as the direct piezoelectric effect, is a reversible process and conversely strain generation in a piezoelectric material upon the application of an electric field is called as indirect piezoelectric effect. Piezoelectric materials have been adopted to numerous technological applications and devices such as pressure sensors [2] , transducers [3] , high voltage generators [4] , and energy harvesters [5, 6] . However, research on innovative materials with high piezoelectricity is still of interest to the scientific community.
Recently, peculiar piezoelectric properties of two-dimensional dielectric materials have been demonstrated by both experimental and theoretical studies [7] [8] [9] [10] [11] . The relaxed-ion piezoelectric stress (e11) and piezoelectric strain (d11) coefficients of single layer hexagonal BN, and transition metal dichalcogenides such as MoS2, MoSe2, WS2, and WSe2 have been determined as comparable or even better than those of conventional bulk piezoelectric materials by density functional perturbation theory calculations (DFPT) [7] . Moreover, e11 and d11 coefficients of CrS2 have been predicted as significantly larger than those of single layer MoS2 [8] . In addition to these theoretical calculations, e11 coefficient of monolayer MoS2 has been experimentally measured as 2.9  10 -10 Cm -1 , which is in quite good agreement with calculations [12] .
Following these studies, the piezoelectric properties of different group III [10] , and group IV monochalcogenides [11] have been studied by finite displacement (FD) method based on polarization calculations via density functional theory. Quite surprisingly, the mechanical-electrical energy conversion ratio, d11 coefficients of some of these materials has been calculated to be one or two orders of magnitude larger than that of conventional bulk materials such as α-quartz (d11 = 2.3 pmV -1 ), wurtzite- [8] , CdO [7] , GeSe, and SnSe3 [9] , respectively. These results clearly indicate the remarkably high piezoelectric properties of non-centrosymmetric dielectric monolayer materials and demonstrate their potential for adaptation to future technological applications such as nanorobotics, piezotronics, and nanoelectromechanical systems.
In addition to the materials mentioned above, there are numerous two dimensional materials that have potential to show high piezoelectric efficiency. Therefore, investigation of piezoelectric properties of these new possible materials by theoretical methods is significantly crucial in order to give an optimum direction to experimental studies. Indeed, the experimental measurements to be made on this field require careful material selection due to the cost and difficulty of nanoscale measurement techniques. In the literature, two different density functional theory based methods are used to calculate the piezoelectric properties of layered materials as mentioned above. In general, there are no significant differences between the values calculated by these two different methods, but in some cases proportional differences of up to two times can be observed [7, 8] . Therefore, in order to evaluate the calculated values more accurately the comparison of these two methods for different layered materials will make an important contribution to the literature.
With this intention, we have performed a systematic first-principles study to investigate piezoelectric properties of noncentrosymmetric single layer group II-V monolayers (NY, where N = Be, Mg, Ca, Sr, Ba and Y = S, Se, Te) and transition metal dichalcogenides (MX2, where M= Mo, W and X=S, Se, Te) by using both FD [14] and DFPT [15] based methods for the first time in the literature.
COMPUTATIONAL METHOD
Within the frame of this study, first-principles calculations based on density functional-theory (DFT), as implemented in the Vienna Ab initio Simulation package (VASP) code have been performed [16, 17] . The generalized gradient approximation (GGA) within the Perdew-Burke-Ernzerhof (PBE) formulation have been chosen to treat the exchange-correlation interactions [18] . The single electron wave functions have been expanded in plane waves with kinetic energy cutoff of 600 eV. For the structure optimizations, Brillouin zone integrations have been carried out using a regular 26261 k-point mesh within the Monkhorst-Pack scheme [19] . The convergence criterion for total (free) energy change and ionic forces have been set as 10 -7 eV and 10 -3 eVÅ -1 , respectively. To minimize the periodic interaction along the zdirection, the vacuum space between the layers has been taken at least 15 Å. The piezoelectric properties have been predicted by two different methods as stated above. First, finite difference [14] method based on the Berry phase approach has been applied, in which the piezoelectric stress coefficients, eij, can be defined in terms of the induced polarization due to a strain (εj) change (for constant temperature, T and Electric field, E) as follows,
where Pi is the induced polarization along the direction i as a result of an applied strain along the direction j. For the considered materials, we only need to calculate the e11 component of the piezoelectric stress tensor due to their hexagonally symmetric crystal structures [8] . Therefore, e11 coefficients of all the crystals have been obtained by polarization calculations as implemented in the VASP package, with applied uniform strain, ranging from 0.01 to -0.01 in steps of 0.005, along the armchair side of the rectangular cell shown in Figure 1 . Here, the ions have been kept in their strained positions or allowed to relax to their new equilibrium positions, and consequently the clamped-and relaxed-ion e11 coefficients are predicted, respectively. As a second case, density functional perturbation theory [15] simulations as implemented in the VASP code have been used. In this method, the proper piezoelectric constants, eij, defined by the following thermodynamic derivative (for constant strain and temperature)
where, denotes the stress tensor E denotes the electric field. The clamped-ion (purely electronic contribution) and relaxed-ion (the sum of ionic and electronic contribution) piezoelectric stress (e11) tensors have been directly obtained by these calculations [20] . Here, a highly dense k-point mesh, 36361, has been used to accurately predict these tensor components.
The corresponding piezoelectric strain tensor (d11) of each material has been predicted from the following relation as previously shown by Duerloo et al. [14] ,
where, e11 is the piezoelectric stress coefficients calculated by DFPT or FD and Cxx are the elastic stiffness coefficients. The used Cxx coefficients for all the materials considered in this study have been adopted from our previous calculations [8, 13] . It is important to note that all the reported piezoelectric constants in this study are associated with the pure, defect-free, and strain-free two-dimensional hexagonal crystals, at a temperature of 0 K.
RESULTS and DISCUSSION
With the intention to test the accuracy of the available approaches mentioned above, we have performed systematic simulations for group II-VI monolayers and transition metal dichalcogenides (TMDCs).
Here, all the materials have been determined regarding their band-gap values due to the fact that a piezoelectric material has to be a wide band-gap semiconductor or an insulator to avoid current leakage. Strictly, the intrinsic semiconductor nature of all the materials has been proven by several previous calculations, which show indirect or direct band-gap values as large as 1.5 eV [8, 21] .
We have first considered recently proposed, dynamically and mechanically stable single layer group II-VI monolayers due to their peculiar piezoelectric properties. In the case of the FD approach, the piezoelectric stress coefficients (e11) have been determined by calculating the derivative of the change in polarization density with applied uniform strain, ε11 coefficients along the armchair side of the rectangular cell. The results clearly show the expected linear dependence of the polarization to applied strain for both static and relaxed atomic positions as seen in Figure 2 . Here, the polarization densities have been obtained by dividing the electronic and ionic dipole moments calculated by VASP with the in-plane area of the unit cell of considered two-dimensional materials, see Figure 1 . Therefore, the unit of polarization and also e11 coefficient is Cm -1 for these layered materials unlike the unit in threedimensional crystal case, Cm -2 . Afterwards, DFPT based calculations which directly gives the electronic and ionic contribution of piezoelectric tensor have been carried out. In order to obtain the coefficients representing the twodimensional case the resulting tensor components in unit of Cm -2 have been divided by the length of the unit cell along the out-of-plane direction (z). Following the FD and DFPT based calculations, d11 coefficients, which is a measure of the mechanical-electrical energy conversion ratio and comparable with three dimensional crystals, are determined via Eq. 3 for both methods. e11 and d11 coefficients for 15 group II-VI monolayers, predicted by both FD and DFPT approaches are depicted in Figure 3 . The difference between the values obtained with the two methods are not significant when only the clamped ion (purely electronic) part considered as seen as blue bars in Figure  3 . However, the results differ significantly when the relaxed ion coefficients (both electronic and ionic contribution) considered, see yellow bars in Figure 3 . Moreover, the difference between e11 coefficients calculated by FD and DFPT are larger for the materials with the smaller coefficients. Recently, Jong et al. [1] have calculated the piezoelectric properties of nearly a thousand compounds by VASP based on DFPT approach and compared their results with available experimental data to establish the accuracy. Their results clearly indicate the accuracy of the DFPT on piezoelectric coefficient calculations and therefore, possibility of error in relaxed-ion e11 coefficient calculations with FD approach. In order to test this conclusion, we have performed calculations for 221 and 331 super-cell structures of selected materials with both methods. We have predicted that the ionic contribution calculated by FD approach changes with the considered crystal size in polarization calculations due to the relaxation of atoms to the positions with different symmetry for different crystal sizes. However, exactly the same results for different conventional cell sizes and symmetries have been obtained with DFPT calculations.
When the results calculated by DFPT are considered as a reference, the electronic and ionic polarization of these materials have opposite sign and the magnitude of the ionic contribution is larger than the electronic contribution for all the considered materials except those with Be atom (relaxed ion contribution is equal to the sum of electronic plus ionic contributions). Despite the explicit difference in the coefficients calculated with two different approaches, our results clearly show that the piezoelectric potentials of the considered materials can be determined by both methods. For instance, the d11 values predicted for Mg, Ca, Sr, and Ba based materials clearly indicate a great potential of these materials for future piezoelectric applications. Even the values calculated with DFPT (between 7 and 27 pmV -1 ), that are smaller than the ones predicted with FD, are quite larger than the bulk materials including α-quartz [22] , wurtzite-GaN, and wurtzite-AlN [23] which are widely used in industry. Although the relaxed-ion e11 coefficients of these materials span a limited range (0.07− 1.24 pCm -1 ), the absolute values of the relaxed-ion d11 coefficients vary over a much larger range as 0.15-27 pm/V. The difference in calculated relaxed-ion piezoelectric coefficients, predicted for group II-VI planar single layer crystals, are materials specific and have no distinct dependency on any physical quantity such as lattice constants, electronic structure, pseudopotential, and amount of applied strain. Therefore, we compare these two methods for another well-known two dimensional structures, transition metal dichalcogenides that have non-planar crystal structures. As seen in Figure 4 , our results for selected TMDCs resemble nearly the same futures with the ones predicted for group II-VI planar crystals. Similarly, the notable difference between the values obtained by two methods arising from the ionic contribution calculation of FD approach have been observed. However, the variance between the relaxed-ion coefficients predicted with these methods are not as much as that of obtained for group II-VI monolayers. The periodic trends determined by both approaches (the relaxed ion coefficients decrease when moving downward in the group of transition metal elements (i.e., from Cr to W) and increase when moving downward in the group of chalcogenide elements) are exactly the same. Apart from the difference between the results generated by the two methods, the values are in good agreement with that previously published [7] and the predicted relaxed-ion e11 coefficients of single layer MoS2 [12] .
When the results calculated by DFPT are considered as a reference, the electronic and ionic polarization of these materials have opposite sign and the magnitude of the ionic contribution is larger than the electronic contribution for all the considered materials except those with Be atom (relaxed ion contribution is equal to the sum of electronic plus ionic contributions). Despite the explicit difference in the coefficients calculated with two different approaches, our results clearly show that the piezoelectric potentials of the considered materials can be determined by both methods. For instance, the d11 values predicted for Mg, Ca, Sr, and Ba based materials clearly indicate a great potential of these materials for future piezoelectric applications. Even the values calculated with DFPT (between 7 and 27 pmV -1 ), that are smaller than the ones predicted with FD, are quite larger than the bulk materials including α-quartz [22] , wurtzite-GaN, and wurtzite-AlN [23] which are widely used in industry. Although the relaxed-ion e11 coefficients of these materials span a limited range (0.07− 1.24 pCm -1 ), the absolute values of the relaxed-ion d11 coefficients vary over a much larger range as 0.15-27 pm/V. 
CONCLUSIONS
In summary, well known finite difference and density functional perturbation theory based piezoelectric property calculation methods have been compared considering two different single layer two-dimensional material families, group II-VI and transition metal dichalcogenides. After series of test calculations (in particular considering different cell sizes in polarization calculations), the error in finite difference based ionic contribution calculations have been observed for some materials. However, our results clearly show that the piezoelectric potential of two dimensional materials can be determined by using both methods.
